We investigate the role of hydrogen (H) 
Introduction
Passivation layers for crystalline silicon (c-Si) have recently been the focus of much attention owing to their important contribution to the improvement in c-Si solar cell efficiency by the reduction in electrical loss caused by defects at the c-Si surface.
Besides high passivation quality, passivation films with high transparency and antireflective properties are more preferable. Silicon nitride (SiN x ), amorphous silicon (a-Si), Al 2 O 3 , SiO 2 , and their stacked layers are excellent passivation layers that demonstrate outstanding passivation quality [1] [2] [3] [4] [5] [6] [7] . The passivation of these layers relies on defect termination and/or field-effect passivation. Regarding the defect termination mechanism, the surface recombination of minority carriers is suppressed by the reduction in interface state density (D it ), whereas minority carrier recombination probability is decreased by band bending in field-effect passivation. It has been reported that Al 2 O 3 films prepared by atomic layer deposition show low surface recombination velocities (SRVs) of 2 and 6 cm/s on 1.9 Ωcm floating zone (FZ) n-type c-Si and 1.5
Ωcm FZ p-type c-Si, respectively [4] . However, Al 2 O 3 films do not exhibit antireflective properties on c-Si owing to the mismatch of refractive index. SiO 2 has high passivation quality, and a low SRV of 2.4 cm/s can be obtained for c-Si passivated with SiO 2 films formed by thermal oxidation [3] . However, thermal oxidation requires a high temperature (>1000 o C), which is not suitable particularly for the fabrication of silicon heterojunction solar cells containing a-Si films with low thermal tolerance.
Among these passivation layers, stoichiometric SiN x films with a refractive index of ~2 is the most promising passivation layer because they show not only excellent passivation quality and high transparency but also significant antireflective properties on c-Si. Moreover, the preparation of SiN x films does not require a high temperature. A conventional method used to fabricate SiN x films is plasma-enhanced chemical vapor deposition (PECVD). PECVD SiN x films with high passivation quality having SRVs of 2-10 cm/s have been reported [4, 5, 7] . The passivation mechanism of PECVD SiN x layers is mainly based on field-effect passivation originating from positive fixed charges in the SiN x films, whereas thermally grown SiO 2 [16] . It should be emphasized that these extremely low SRV max values can be obtained only after postannealing at an appropriate temperature [13, 16] . For a Cat-CVD SiN x /c-Si sample, the significant reduction in SRV by postannealing is supposed to be due to defect termination by hydrogen atoms. For a sample with a P Cat-doped layer, the drastic reduction in SRV is probably due to field-effect passivation induced by P donors and defect termination by H during annealing.
In this study, to quantitatively clarify the role of H in the defect termination effect on the passivation of c-Si surfaces, we focus on the following topics: the etching effect of H atoms on c-Si surfaces during the deposition process, H distribution in the We carried out microwave photoconductivity decay (μ-PCD) measurement (KOBELCO LTA-1510EP) using a pulse laser with a wavelength of 904 nm and a photon density of
where τ bulk , W, and S represent the minority carrier lifetime in c-Si bulk, wafer thickness, and SRV, respectively. In this study, we calculated the maximum SRV (SRV max ) by assuming τ bulk =∞.
In order to accurately confirm defect termination by H atoms on c-Si surfaces, we calculated D it from the high-frequency experimental capacitance-voltage (C-V) curves obtained from metal-insulator-semiconductor (MIS) structures by the Terman method [18, 19] . A cross-sectional schematic view of the MIS structure is shown in Fig. 1 . The experimental preparation for the sample structure has been described elsewhere [16] .
The deposition conditions of SiN x films are the same as in Ref. 16 and are summarized in Table I . For a sample with P Cat doping, we used the same condition as that under which we obtained the best SRV after annealing, as reported in Ref. 13 . The P Cat doping conditions are summarized in Table II . The samples were annealed three times. In this study, a high frequency of 1 MHz was used for C-V measurement. C-V curves were measured using a Keithley 6517A electrometer/high resistance meter and a 6440B component analyzer. The theoretical curve was calculated using the equations shown in Ref. 18 . D it as a function of surface potential is calculated using the following equation [19] :
where V g is the applied voltage, C i is the insulator capacitance, q is the elementary charge, and ψ s is the surface potential.
Results and discussion

H etching during SiN x deposition
Cat-CVD is a well-known method, which causes no plasma-induced damage to the substrate surface. However, the substrate surface may be etched by H atoms when it is exposed to a high density of H atoms at a T s lower than 150 o C [20] . In our study, the deposition on passivation quality may be negligible.
H distributions in SiN x films before and after annealing
The improvement in the passivation quality of SiN x films by annealing has been reported by many groups [21] [22] [23] . The H distribution in SiN x films is one of the key factors affecting the termination of defects on c-Si surfaces by H atoms during annealing. The distribution of H atoms inside SiN x films can provide information on H diffusion or release to the environment during annealing, which may lead to the profound understanding of the H defect termination mechanism. In our previous report, H content was calculated from Fourier-transform infrared (FT-IR) spectra using the Lanford method [16, 24] . We found that the Si-H bonding peak signal intensity slightly increases after annealing. The integrated intensity of the Si-H bonding peak signal increases by ~10% after annealing, whereas no change in that of the N-H bonding peak signal is observed. This suggests that H atoms terminate the Si dangling bond inside cSi and also at the SiN x /c-Si interface during annealing. We also supposed that H atoms diffuse into the SiN x /c-Si interface, and that more dangling bonds are terminated during annealing [16] . 
N d in SiN x films and D it at SiN x /c-Si interfaces
Si dangling bonds back-bonded to three N atoms, N 3 SRV max of 2 cm/s has been achieved for a SiN x /P Cat-doped c-Si structure after annealing [13] . The drastic reduction in SRV max is supposed to be mainly due to the field effect passivation induced by P donors. The P doping process is conducted at a low Surface potential (eV)
